ABSTRACT. Myostatin is a member of the transforming growth factor- family with a key role in inhibition of muscle growth by negative regulation of both myoblast proliferation and differentiation. Recently, a genomic region on ECA18, which includes the MSTN gene, was identified as a candidate region influencing racing performance in Thoroughbreds. In this study, four SNPs on ECA18, g.65809482T>C, g.65868604G>T, g.66493737C>T, and g.66539967A>G, were genotyped in 91 Thoroughbred horses-in-training to evaluate the association between genotype and body composition traits, including body weight, withers height, chest circumference, cannon circumference, and body weight/withers height. Of these, statistically differences in body weight and body weight/withers height were associated with specific genotypes in males. Specifically, body weight/withers height showed statistically significant differences depending on genotype at g.658604G>T, g.66493737C>T, and g.66539967A>G (P<0.01) in males during the training period. Animals with a genotype associated with suitability for short-distance racing, C/C at g.66493737C>T, had the highest value (3.17  0.05 kg·cm -1 ) for body weight/withers height in March, while those with a genotype associated with suitability for long-distance racing, T/T, had the lowest (2.99  0.03 kg·cm -1 ). In females, the trends in the association of body weight/withers height with genotypes were similar to those observed in males. As the SNPs are not believed to be linked to coding variants in MSTN, these results suggest that regulation of MSTN gene expression influences skeletal muscle mass and hence racing performance, particularly optimum race distance, in Thoroughbred horses.
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Department of Molecular Genetics, Laboratory of Racing Chemistry, Utsunomiya, Tochigi 320-0851, 2) Thoroughbred horses originated from a small number of Arab, Barb, and Turk stallions and native British mares approximately 300 years ago [3, 5, 12] . Since then, they have been selectively bred to improve speed and stamina, and are consequently superior competitive racehorses. As a result, Thoroughbred horses have a very high skeletal muscle mass comprising over 55% of total body mass [10] . The aerobic capacity of Thoroughbred horses (VO 2max > 200 ml O 2 ·kg -1 ·min -1 ) is also superior to that of other species of similar size [16, 17, 26] . Such traits have been enhanced by artificial selection for the DNA sequence variants contributing to exceptional racing performance [8] .
Many significant advances have been made in the horse genome project (http://www.uky.edu/Ag/Horsemap/welcome.html), such as the completion of a high-quality draft horse genome sequence with over 1.1 million identified SNPs [25] . The advances in the genetic infrastructure for the horse has enabled the identification of a genomic region on ECA18 associated with racing performance phenotypes. Four case-control studies, including a candidate gene study [13] , a microsatellite-based genome-wide association study [23] , and two genome-wide SNP association studies [2, 14] have identified the same genomic region on ECA18 as associated with racing performance phenotypes, including optimum race distance. In addition, a recent large-scale cohort study has demonstrated that the genomic region on ECA18 was associated with optimum race distance in Japanese Thoroughbred racehorses [24] . In this region, 4 SNPs (g.65809482T>C, g.65868604G>T, g.66493737C>T, and g.66539967A>G) were identified as candidates for genetic prediction of racing performance in Japanese Thoroughbred racehorses based on lifetime earnings, lifetime ranking [23] , and optimum race distance [24] . In particular, g.66493737C>T is located in the first intron of the horse myostatin (MSTN) gene, and is the strongest of these candidate loci [13, 14] .
Myostatin, also referred to as GDF-8, is a member of the transforming growth factor β family thought to be involved in the inhibition of muscle growth through negative regulation of both myoblast proliferation and differentiation. Hence, myostatin acts to limit skeletal muscle mass by regulating both the number and growth of muscle fibres. Variants of the MSTN gene are associated with muscle hypertrophy phenotypes in a range of mammalian species, most notably cattle [7, 19] , dogs [21] , and mice [20] . As a result of its key role in controlling muscle mass, MSTN has been an important locus for genetic improvement of body composition in farmed animals [1, 22] .
It has previously been reported that a SNP on ECA18 was significantly associated with body height/weight ratio in Thoroughbred horses at a single time point during training [13] . In this study, we aimed to investigate the relationship between sequence variants on ECA18 and measured physical characteristics including body weight, withers height, chest circumference, and cannon circumference in male and female Thoroughbred horses prior to the initiation of training and subsequently at monthly intervals during the first six months of training. It was hypothesised that body composition is determined by genotypes that influence optimum race distance in Thoroughbred horses.
MATERIALS AND METHODS
Thoroughbred horses: Thoroughbred horses (n=116; 65 males and 51 females) used in this study were 18 months of age ± 2 months at the end of September when introduced to the Hidaka Training and Research Centre (Japan Racing Association; JRA). The horses were born between January and June in 2008 and 2009, with the majority born in March and April each year. All horses had been purchased at commercial livestock auctions at one year of age. All horses were introduced to the centre by the end of September, and were trained to be ridden during October. Horses were then conditioned and trained for racing in the period from November to early the following April. The body composition assessment was initially performed when horses were 18 months of age ± 2 months and all horses were subsequently assessed at monthly intervals during the following 6 months of training.
Body composition measurement: Body composition measurements were recorded at the end of each month from September to March. Measurements included body weight (kg), withers height (cm), chest circumference (cm), and cannon circumference (cm). Body weight/withers height (kg·cm -1 ) was calculated from the measured body weight and withers height.
SNP genotyping: Genomic DNA was extracted from 116 blood samples stored at -40°C with the MFX-2000 MagExtractor System (Toyobo, Osaka, Japan) according to the manufacturer's protocols. Four SNPs (g.65809482T>C, g.65868604G>T, g.66493737C>T, and g.66539967A>G) on ECA18, which have been associated with lifetime earnings, performance rank [23] , and optimum race distance [14, 24] , were genotyped by high-resolution melting and unlabeled probe methods using a LightScanner system (Idaho Technology Inc., Salt Lake City, UT, U.S.A.) according to the manufacturer's protocols. The primers, probes, and annealing temperatures used for SNP genotyping are provided in Tozaki et al. (2010) [23] . Three of the SNPs, g.65809482T>C, g.65868604G>T, and g.66539967A>G, are documented as the loci BIEC2-417210, BIEC2-417274, and BIEC2-417372 in the EquCab2.0 SNP database (http://www.broadinstitute.org/). g.66493737C>T was identified following re-sequencing and is located in the first intron of the MSTN gene [13] .
Statistical analyses: Tests of genetic association were performed using analysis of variance (ANOVA) and the Kruskal-Wallis test (KW-test) for the quantitative traits as body weight, withers height, chest circumference, cannon circumference, and body weight/withers height. In this study, two statistical tests based on average (ANOVA) and median (KW-test) were evaluated for quantitative traits to determine accuracy for the associations. All statistical analyses were performed using IBM SPSS Statistics 19 (SPSS Japan Inc., an IBM company, Tokyo, Japan). In a previous study [23] , we observed differences in the distributions of performance indicators, such as lifetime earnings, according to gender. Therefore, in this study, the associations of the four SNPs were also evaluated for differences between genders, and also independently for each gender. Double blind experiments were designed for this study to avoid errors arising from bias based on measuring body composition and genotyping of the SNPs.
RESULTS

Genetic analysis:
All individuals used in this study were successfully genotyped for all SNPs. Horses were assigned to one of six groups determined by genotype at g.66493737C>T and gender. Individuals (n=25) with fulland half-sibling relationships were excluded from the six groups in order to avoid pedigree-based bias. All horses in the study were born between January and June, and the majority were born in March and April. For that reason, the excluded individuals (n=25) were chosen preferentially from those born in months that were most distant from March and April (i.e., January and June). Following the adjustment, the 6 groups were constructed from 49 males and 42 females. No statistically significant difference in age in days at the end of September was observed among the 6 groups (ANOVA: P=0.111, KW-test: P=0.170). The six groups were used for the analysis of the relationship between genotype and body composition.
Characteristics of body composition: Body weight, withers height, chest circumference, and cannon circumference generally increased with time in both males and females, although the changes (increase or decrease) were minimal in months prior to the start of a full-scale training (Table 1) . Compared with October, the period during which horses were trained to be ridden, in March, the final month of training, both males and females showed a significant increase in all measured parameters (P<0.05). This is expected given that the horses were in the growth period. For body weight, a statistical difference was observed between genders in February and was highly significantly different in March (P<0.01). In contrast, for withers height, no significant difference was observed between genders at any time point. Chest circumference was statistically significantly different between genders, with higher values in females in September and October (before the start of a full-scale training) and November (the first month of the training). The differences in chest circumference between genders were not observed at later time points, either due to the growth of the horses or the effects of training. Cannon circumference was significantly greater in males than females at all time points. Body weight/withers height differed significantly between genders in February and was highly significantly different in March. The increase in differences may be attributed either to the growth of the horses or the effect of the training.
Genotype association with body composition: We observed a statistically significant difference in body weight in males, depending on genotypes at g.65868604G>T, g.66493737C>T, and g.66539967A>G (P<0.05), which tended to increase during the training period. The difference was most strongly associ ated with g enotype at g.66539967A>G (Table 2) . Females showed a similar tendency for the association of body weight with genotypes, but this was not statistically significant. There was no significant difference at any SNP in relation to withers height, chest circumference, or cannon circumference in either males or females (data not shown). For body weight/withers height, males showed a statistically significant difference depending on genotypes from November to March at all SNPs (maximum P<0.001) ( Table 3 ). In contrast, females also showed an association between mean body weight/ withers height and genotypes; however, this was only significantly different for 2 SNPs (g.65868604G>T and g.66493737C>T) in a limited time period (December to January). Individuals with the genotypes T/T at 65809482T>C, G/G at g.65868604G>T, and C/C at 66493737C>T had the highest mean body weight/withers height at almost all time points in both males and females. The lowest mean body weight/withers height was observed in individuals carrying genotypes C/C at 65809482T>C, T/T at g.65868604G>T, T/ T at 66493737C>T, and G/G at g.66539967A>G; this was observed in both genders at all time points. Figure 1 shows differences in body weight, withers height, chest circumference, cannon circumference, and body weight/withers height for each genotype at g.66493737C>T.
DISCUSSION
In this study, differences in the genotypes of 4 SNPs on ECA18 were statistically significantly associated with the body weight/withers height in males (Table 3) . This is likely due to the influence of body weight rather than withers height. The association of body weight/withers height with genotypes is consistent with the findings of [13] , which was restricted to investigation of the g.66493737C>T at a single time point six months following the start of training. It has been reported that the skeletal muscle mass of Thoroughbred horses comprises over 55% of their total body mass [10] , implying that body weight could be a valuable indicator of skeletal muscle mass. By correction with withers height, body weight/withers height may be regarded as a more accurate indicator of muscle mass. The 4 SNPs used in this study were associated with body weight/withers height, indicating that this region of ECA18 is closely associated with the skeletal muscle mass of Thoroughbred horses. The associations between genotypes and phenotypes were also observed when all 116-horse samples were used (data not shown). Since myostatin is known to function in controlling skeletal muscle mass, and because g.66493737C>T is located in the first intron of the MSTN gene [13] , there is a strong possibility that myostatin is involved in expression of this phenotype. Overall, o u r f i n d i n g s s u g g e s t t h a t t h e C / C g e n o t y p e a t g.66493737C>T increases skeletal muscle mass either by functionally suppressing myostatin or by decreasing its expression level, whereas the T/T genotype could decrease skeletal muscle mass either by functionally enhancing myostatin or by increasing its expression level. The fact that g.65868604G>T is in strong linkage disequilibrium with g.66493737C>T (r 2 >0.8) [23] may explain the association of these SNPs with the phenotypes examined in this study. In addition, the fact that g.65809482T>C is the most distant from g.66493737C>T, may explain the weaker association with body weight for this SNP.
Our previous study indicated that Thoroughbred horses carrying the genotypes T/T at g.65809482T>C, G/G at g.65868604G/T, and C/C at g.66493737C>T are better suited to short-distance races; those carrying the genotypes C/C at g.65809482T>C, T/T at g.65868604G>T, and T/T at g.66493737C>T are better suited to long-distance races; and those carrying the heterozygous genotypes at those loci are better suited to middle-distance races [13, 24] . In combination with the results obtained in this study, these results led us to conclude that racehorses with a high skeletal muscle mass may be better suited to short-distance races, whereas racehorses with a relatively lower skeletal muscle mass may be better suited to long-distance races. That is, for short-distance races, which require high intensity exercise for a short duration, a higher skeletal muscle mass would be more suitable. On the other hand, for longer-distance races, which may require more efficient exercise, a lower skeletal muscle mass may be accordingly suitable. It has recently been reported that DNA polymorphisms in genes such as PDK4, CKM, and COX4I2, which are involved in the production and metabolism of ATP, are associated with elite racing performance in Thoroughbreds [9, 15] . The consideration of optimum race distance and additional metabolic and physiological properties influenced by genotypes, it may become possible to select races for individual racehorses and horses with the greatest genetic potential for success within each distance category. Several polymorphisms have been identified in the promoter and intron regions of the MSTN gene in various horse breeds [6, 13, 14] . However, Hill et al. (2010b) have reported that in Thoroughbred horses, no sequence variants in strong linkage disequilibrium with g.66493737C>T have been found in the exonic sequence of the MSTN gene. This lends to the hypothesis that the difference in skeletal muscle mass in Thoroughbred horses identified in this study may be caused by an expression regulation mechanism of the MSTN gene, and not a loss of function as has been reported for cattle and dogs [19, 21] . In these species increases in skeletal muscle mass can clearly be discerned by appearance, while in Thoroughbreds the difference in skeletal muscle mass was slight, and could not be easily discerned by appearance in this study.
In a functional context, a significant association has been observed between genotypes at g.66493737C>T and MSTN mRNA abundance in a cohort of untrained Thoroughbred horses at ~20 months old (P<0.01) [18] . Thoroughbreds with the C/C genotype had the highest MSTN mRNA levels, the T/T group the lowest levels and the C/T group intermediate levels. Following a ten-month period of training there was a significant decrease in MSTN mRNA (-3.35-fold; P=6.9 × 10 -7 ), which was most apparent for the C/C cohort (-5.88-fold, P=0.001). It appears therefore, that changes in gene expression are influenced by genotypes at the MSTN gene locus and consequently such regulation is responsible for changes in body composition phenotype.
In this study, we also assessed body condition scores (BCSs) [4, 11] and attempted to statistically analyse them (data not shown). However, we observed that samples from animals born in the 2 different years (2008 and 2009) over which the study was conducted differed significantly with respect to BCS (P<0.001). Although the JRA Hidaka Training and Research Centre has provided unified criteria for scoring, different individuals were responsible for taking measurements in this study, which is likely to account for the differences observed between measurement years. Despite these concerns, it should be noted that there was a marked association between genotypes and BCS. However, under these circumstances we are duly cautious in the interpretation of our results. Of the features used to assess BCS including ribs, crease down back (loin back), and tailhead, a significant difference among horses dependent on genotype was found in crease down back (P<0.01). Differences were marked only in males with the genotypes T/T at g.65809482T>C, G/G at g.65868604G>T, C/C at g.66493737C>T, and A/A at g.66539967A>G. This tendency was the same as that identified for body weight/withers height. Generally, BCS is used as an indicator of the state of nutritional management by evaluating the fat content for a horse. Our data indicates that, in Thoroughbreds during the training period, the characteristic of crease down back may also reflect skeletal muscle mass.
M a l e i n d i v i d u a l s w i t h t h e g e n o t y p e s T / T a t g.65809482T>C, G/G at g.65868604G>T, C/C at g.66493737C>T, and A/A at g.66539967A>G, that are recognised to be suited to short-distance races, show a particularly mature tendency with respect to the development of body weight and body weight/withers height (e.g. skeletal muscle mass), compared with racehorses carrying the other genotypes (Fig. 1) . Such precocious male racehorses will be therefore desirable to make their race debuts at an earlier stage. On the other hand, female racehorses suited to longer-distance races may need to be trained for a longer period to gain favourable body conditioning. This study provides information for monthly changes in body composition for each genotype for both genders. These findings will serve as a stepping stone to further develop effective training and racing regimes which may be modified for each individual Thoroughbred on the basis of their genetic make up.
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